Abstract. A simple population model was developed to evaluate the role of plastic and evolutionary life-history changes on sustainable exploitation rates. Plastic changes are embodied in density-dependent compensatory adjustments to somatic growth rate and larval/ juvenile survival, which can compensate for the reductions in reproductive lifetime and mean population fecundity that accompany the higher adult mortality imposed by exploitation. Evolutionary changes are embodied in the selective pressures that higher adult mortality imposes on age at maturity, length at maturity, and reproductive investment. Analytical development, based on a biphasic growth model, led to simple equations that show explicitly how sustainable exploitation rates are bounded by each of these effects. We show that densitydependent growth combined with a fixed length at maturity and fixed reproductive investment can support exploitation-driven mortality that is 80% of the level supported by evolutionary changes in maturation and reproductive investment. Sustainable fishing mortality is proportional to natural mortality (M ) times the degree of density-dependent growth, as modified by both the degree of density-dependent early survival and the minimum harvestable length. We applied this model to estimate sustainable exploitation rates for North American walleye populations (Sander vitreus). Our analysis of demographic data from walleye populations spread across a broad latitudinal range indicates that density-dependent variation in growth rate can vary by a factor of 2. Implications of this growth response are generally consistent with empirical studies suggesting that optimal fishing mortality is approximately 0.75M for teleosts. This approach can be adapted to the management of other species, particularly when significant exploitation is imposed on many, widely distributed, but geographically isolated populations.
INTRODUCTION
Sustainable exploitation theory assumes that the removal of biomass from a population triggers densitydependent life-history changes that compensate for the higher mortality imposed by exploitation (Krebs 2001) . The extent to which different life-history traits can respond to biomass removal therefore determines maximum population growth rate and, by extension, maximum sustainable exploitation rate. Consequently, sustainable exploitation in practice requires a working knowledge of compensatory life-history changes and their effects on population growth rate (Rose et al. 2001) .
Fisheries science has traditionally presented two distinct views of population regulation (Hilborn and Walters 1992) , namely, that a reduction in the density of the exploited segment of the population leads to either (1) a density-dependent increase in the rate of production of the exploited segment, or (2) a reduction in egg production that, in turn, leads to a density-dependent increase in larval/juvenile survival. These views are exemplified, respectively, by surplus production (e.g., Graham 1935 , Schaefer 1954 ) and stock-recruitment (e.g., Ricker 1954, Beverton and Holt 1957 ) models of sustainable exploitation. Both of these views are limited. The surplus production approach does not identify how changes in different life-history traits contribute to the overall increase in net production. On the other hand, the stock recruitment approach assumes that a single life-history trait (i.e., survival in early life) regulates recruitment, thus ignoring the impact of changes in other life-history traits. For example, density-dependent body growth is typically observed in exploited populations (e.g., Beverton and Holt 1957 , Rijnsdorp and van Leeuwen 1992 , Rochet 1998 , Post et al. 1999 , Rose et al. 2001 , Bjornsson and Steinarsson 2002 , Engelhard and Heino 2004 , Lobon-Cervia 2007 ), yet its role in population regulation is rarely quantified. Recent work suggests that its importance needs to be reconsidered (Lorenzen and Enberg 2002 , Bystrom et al. 2004 , Rose 2005 , de Roos et al. 2007 , Lorenzen 2008 since, in fish, it indirectly affects population size via its interaction with maturity and fecundity schedules. A further limitation of both stock recruitment and surplus production theory is that neither approach addresses the long-term evolutionary effects of exploitation on life-history traits; they both view life-history traits as plastic responses to variation in fish density, despite growing evidence that exploitation alters the evolutionary trajectory of relevant life-history traits (e.g., see reviews by Jorgensen et al. [2007] , Kuparinen and Merila [2007] , and Allendorf and Hard [2009] ). In this paper, we develop a simple, general theory that describes how plasticity in various life-history traits affects the ability of a population to sustain the additional mortality imposed by exploitation. Through this model, we compare the relative influences of density-dependent plasticity in growth and early survival on the levels of exploitation that are sustainable. The most common plastic response is that reduced competition enables faster growth and earlier maturation if maturation size is fixed (Policansky 1993) . We assumed this norm of reaction in developing our plastic response model. Phenotypic plasticity allows individuals to respond quickly to changes in the environment and may act as a buffer against selection pressures, thus preventing, or at least slowing down, evolutionary changes (Stearns 1982 , Sultan 1987 , Ernande et al. 2004 ). We assessed this buffering capacity by comparing a density-dependent plastic response to an evolutionary response in which age at maturity, size at maturity, and reproductive investment have adapted optimally to changes in mortality rate imposed by exploitation. We demonstrate application of the plastic response model by estimating sustainable exploitation rates for walleye (Sander vitreus; see Plate 1) populations throughout North America.
DEVELOPMENT OF THE COMPENSATION MODEL
Here we describe a model for predicting sustainable exploitation from compensatory life-history changes. The logic of our model is as follows. We assumed that: (1) the average female in an equilibrium population exhibits life-history traits that result in the production of exactly one mature daughter over that female's lifetime (i.e., the average female has a net reproductive rate, R 0 , of 1); (2) the rate at which this population is being exploited affects some life-history traits; and (3) lifehistory traits are constrained (by genetics, physiology and climate) to a range of values that together define a threshold rate of exploitation beyond which the population will collapse. If (1) the average female in an exploited population also has R 0 ¼ 1; and (2) the female life histories characteristics of both unexploited and exploited populations are known, then it is possible to estimate how much additional exploitation mortality can be imposed on the population before it collapses. Details of this approach are described in this section. The subscripts M and F are used to designate unexploited and exploited conditions, respectively. Table 1 provides a complete list of abbreviations and symbols used in this paper.
For a female in an unexploited population, net reproductive rate is expressed as
s M 3 e ÀMt 3 fec t;M ð1Þ where T M is the initial age at maturity, M is a background instantaneous natural mortality rate, s M is an early-life survival parameter, and fec t,M is the number of female eggs produced by a female at age t . Eq. 1 implies that survival from egg to age at maturity is s M e ÀMTM , after which annual survival is e ÀM .
The early survival parameter (s M ) accounts for a higher rate of mortality early in life: mortality typically declines rapidly as individuals grow and become less vulnerable to predation (Peterson and Wroblewski 1984 , McGurk 1986 , Lorenzen 1996 .
In an exploited population, net reproductive rate is expressed as
where F is instantaneous fishing mortality rate, and t c is the youngest age subject to harvesting. This equation is identical to Eq. 1, except that it includes an additional term (e ÀFðtÀtcÞ ) that describes the mortality imposed by exploitation. It also acknowledges potential changes in life-history traits by using a different subscript (F instead of M) to label age at maturity (T F ), early survival (s F ) and fecundity (fec t,F ).
By comparing Eqs. 1 and 2, we can see that exploitation in the absence of compensatory changes in life-history traits (e.g., maturation, early survival, or fecundity) will lead to a net reproductive rate ,1, and eventual population extinction. The degree of compensation dictates the maximum F that can be sustained (i.e., maintain R 0,F ! 1). This reference point, F at extinction (F ext ), provides a starting point for choosing a safe level of exploitation (Shuter et al. 1998) . It can be expressed in terms of an annual percentage exploitation rate, 100(1 À e ÀFext ) or converted to a total mortality rate (Z ext ¼ F ext þ M ), which translates to an annual percentage mortality of 100(1 Àe ÀZext ). Exploitation reduces population biomass and is expected to increase resource availability per capita and, thus, the net rate of energy acquisition for individuals. A density-dependent response in somatic growth rate due to exploitation is a plastic response that potentially affects various life-history traits identified in Eqs. 1 and 2. Faster somatic growth reduces the period during which young fish are especially vulnerable to predation and may increase early survival (i.e., s F . s M ) (e.g. , Ricker 1975:281) . Faster growth reduces age at maturity (T F , T M ) if length at maturity (L) remains constant (i.e., L F ¼ L M ). Faster growth increases fecundity at age (fec t,F . fec t,M ), if reproductive investment (i.e., gonad mass/somatic mass) remains constant. Each of these changes is compensatory, but our ability to estimate a sustainable level of exploitation requires quantitative assessment of how growth compensation and associated life-history changes translate into net reproductive rate.
Application of the biphasic growth model to net reproductive rate
To explore the consequences of density-dependent growth, one needs a growth model that accommodates a trade-off between growth and reproduction. We employed the biphasic growth model , Shuter et al. 2005 , Quince et al. 2008a for this purpose. Although the von Bertalanffy (VB) growth equation is widely used to describe the lifetime growth pattern of somatic growth in fishes (e.g., Ricker 1975 , Chen et al. 1992 ) and other organisms that exhibit indeterminate growth, life-history theory suggests that a single equation is incapable of accounting for both pre-and post-maturation growth (e.g., Roff 1983 , Charnov 1993 , Day and Taylor 1997 , Charnov et al. 2001 . Building on this concept, showed that lifetime growth is made up of two phases: a pre-maturation phase that depends solely on the net rate of energy acquisition, and a post-maturation phase that also depends on how much energy is invested in reproduction. The biphasic model showed that when reproductive investment is constant with age, the postmaturation growth phase is described by a VB growth equation.
The simplest biphasic growth model assumes that net production is proportional to W t 2/3 (where W t is body mass at age t) and W t is a cubic function of body length (l t ). These assumptions imply that, prior to maturity, all surplus energy is allocated to somatic growth and length at age (l t ) is therefore a linear function of age as follows:
where h is the net rate of energy acquisition expressed in terms of somatic growth rate (i.e., mm/yr), and s is the theoretical age when length equals zero (i.e., the yintercept (l 0 ) equals Àhs). For many fish species, annual investment in reproduction (g ¼ gonad mass/somatic mass) is fairly constant over the reproductive life time of a typical female (Table 1 in Roff 1983) . A constant g produces a post-maturation growth curve that is described by a VB growth equation with parameters (l ' , k, and t 0 ) that are related to the net rate of energy acquisition (h), age at maturity (T ), and reproductive investment (g) (see equations 3.1-3.4 in . That is,
where
When a population is subject to exploitation, the average lifetime growth pattern is expected to change (Fig. 1) . Immature growth rate is expected to increase in response to an increase in the net rate of energy acquisition, but growth after maturity depends on how reproductive investment responds to the increase in surplus energy. In this paper, we contrast two types of life-history responses, which we label as plastic and evolutionary. The plastic response (Fig. 1a) assumes that length at maturity and reproductive investment do not change (i.e., L F ¼ L M and g F ¼ g M ); these traits remain fixed at values that maximize net reproductive rate in an unexploited population (i.e., when adult mortality rate ¼ M ). Therefore, when growth rate increases (i.e., h F . h M ), age at maturity declines and asymptotic length increases (i.e., l ',F ¼ 3 h F /g M ). This scenario describes an initial response to exploitation in which all compensation is due to an increase in growth rate and its automatic effect on age at maturity and fecundity at age.
The evolutionary response differs from the plastic response in that it maximizes net reproductive rate through more complex changes in life history. An example of this evolved response to exploitation is illustrated in Fig. 1b , where length at maturity has declined (L F , L M ) and reproductive investment has increased (g F . g M ). These types of changes are predicted by life-history theory (Roff 1992 , Stearns 1992 and have been observed in some heavily exploited fish stocks (e.g., Rochet et al. 2000 , Rijnsdorp et al. 2005 , Jorgensen et al. 2007 , van Walraven et al. 2010 . As illustrated in Fig. 1b , reduced length at maturity supports earlier maturation, and increased reproductive investment redirects energy that would otherwise support somatic growth. The net effect of this evolved response is a smaller fish that is better adapted to the increase in mortality imposed by exploitation. Thus, an evolved response will support a level of exploitation that is higher than that of a plastic response. ''How much higher?'' is one question that we address in this paper.
We compared the fitness implications of the plastic and evolved responses by calculating their effects on net reproductive rate. As shown in Box 1, we used the biphasic growth model to expand the net reproductive rate formulae for unexploited (Eq. 1) and exploited (Eq. 2) cases. Given that fecundity is proportional to gl t 3 and l t is described by the biphasic model, the resulting formulae (see last row in Box 1) are of the form
where C combines parameters that are assumed to be constant and the functions f (M, Immature growth is linear and faster under the exploited condition (h F . h M ). Post-maturation growth is slower and asymptotic due to the investment in reproduction (g), represented by the length of the arc connecting the realized growth curve to extrapolated immature growth line. (a) Length at maturity and reproductive investment are fixed at values that are optimal for the unexploited condition (i.e., a plastic response). (b) Length at maturity decreases, and reproductive investment increases, a result expected if the reproductive schedule adapts optimally to the increased mortality imposed by exploitation (i.e., an evolved response). In all cases, asymptotic length equals 3h/g.
where Z refers to total mortality (i.e.,
In the R 0 equations (Eqs. 8 and 9), growth rate (h) and early survival (s) appear as multipliers that affect the absolute value of R 0 , but not the values of T and g that maximize it. Thus, in a population where equilibrium is maintained by density-dependent effects operating on these multipliers (h and s), selection will produce an evolutionary stable strategy characterized by values of T BOX 1. Derivation of formulae for net reproductive rate based on a biphasic growth model.
Unexploited population
Exploited population Post-maturation growth is described by a VB function,
ÀkðtÀt0Þ
; with biphasic model parameters (e.g., as follows:
Substituting for l t in the R 0 equation gives
which is expressed in the closed form as
Assigning subscripts for unexploited (M) and exploited (F) states implies:
and g that maximize f (Z, T, g) (Mylius and Diekmann 1995) . showed that f (Z, T, g) is a convex function of T and g with a single maximum. We will refer to the values of T and g that maximize R 0 as the optimal values for these variables and label them using an * superscript. The optimal values are closely approximated ) by the following empirical functions of Z:
ðT Ã À sÞ ' 1:95=ðe
In this paper, we use a simpler formula, of similar accuracy, for predicting optimal age at maturity as follows:
(for Z in the range [0.05, 1.0], the difference between the exact value of T* and the value given by Eq. 13 is less than 0.7 years and the proportional difference ranges from 2% to 12%). Given that L ¼ h(T À s) from Eq. 3, this simpler formula (Eq. 13) implies the optimal length at maturity is
We assume that, under selection, T, L, and g will evolve toward the optimal values given by Eqs. 11, 13, and 14: We refer to this shift in life-history parameters as the evolved response to exploitation. When these equations are used to assign optimal values to T and g in Eq. 10, f (Z, T*, g*) is closely approximated by the following empirical function of Z:
ÀZs 0:05
Substituting this optimal form for f (M, T M , g M ) and
Eqs. 8 and 9 implies
Eqs. 16 and 17 describe the net reproductive rate in unexploited and exploited populations, respectively, after life-history traits have evolved to be optimally adapted to the existing total mortality rate. Given R 0 ¼ 1 for both equilibrium situations (Z ¼ M and
Eqs. 16 and 17 can be equated (R Ã 0;F ¼ R Ã 0;M ¼ 1) to estimate sustainable F for an evolved response.
For a plastic response, the same principles apply, but different conditions apply when calculating R 0,F because life-history traits are not optimized for total mortality rate. Given that length at maturity and reproductive investment are fixed at values adapted to natural mortality rate (M ), R 0,F is calculated by Eq. 9 assuming the following:
or, more explicitly,
Sustainable F for a plastic response can then be estimated by equating this result with Eq. 16.
Sustainable F assuming an evolved response to exploitation
Equating the optimal expressions for net reproductive rate (Eqs. 16 and 17; with evol for evolved response) implies
This equation cannot be solved analytically for F, but an approximate solution is obtained using a Taylor series expansion of the exponential term (see Appendix A) as follows:
where l c is the smallest length subject to harvest, and X ¼ 0 if the immature growth line passes through the origin
where l 0 is the y-intercept of the growth curve (i.e., l 0 ¼ Àh M /s M ¼Àh F /s F ). All of these results hold for l c L F , a constraint imposed by the structure of our model. We evaluated this approximation of sustainable F/M by comparing predicted values to results obtained using numerical methods (see Appendix A). We estimated maximum sustainable (F/M ) for a range of compensation in growth (h F /h M ) and early survival (s F /s M ). Plotting the numeric solution results against values predicted by Eq. 19 ( Fig. 2a) indicates that it supplies a very good approximation.
Sustainable F assuming a plastic response to exploitation
To explore a purely plastic response to exploitation, we calculated net reproductive rate when length at maturation and reproductive investment were fixed at values adapted to the natural mortality rate (M ). We used numerical methods (see Appendix A) to calculate maximum sustainable F/M for a range of compensation in growth and early survival. We then compared these values of F/M to values obtained assuming an evolved response (Fig. 2b) . These results indicate that a plastic response can support a fishing mortality rate that is ;80% of the value sustained by an evolved response. The evolved response results from selective pressure that shifts length at maturity (L) and reproductive investment (g) toward the values given by Eqs. 14 and 11, respectively. Inspection of Eq. 14 shows that optimal L will be insensitive to changes in total mortality (Z ) if increases in mortality are accompanied by compensatory increases in growth rate (h). Thus, density-dependent growth tends to buffer selective pressure for a reduced length at maturity.
Our results imply a plastic response (plas) is predicted by the following equation: Table 1 for clarification of abbreviations.
Substituting Eq. 19 for (F/M ) evol implies
The implications of this plastic response are demonstrated in Fig. 3 . Sustainable F increases with the degree of compensation in both growth (h F /h M ) and early survival (s F /s M ); however, survival compensation is less effective in sustaining exploitation than growth compensation. Sustainable F values also depend on the size at which fish begin to be exploited. Sustainable F increases with l c because exploitation is increasingly directed at a smaller segment of the population. Because our model applies only when exploitation begins at or before maturity, the highest values of F/M result when harvesting begins at the size of maturity. When this is the case, a twofold increase in growth rate supports F ' 2M. Because exploitation of fish stocks generally begins when fish are nearing their length at maturity (Pauly 1984 , Shuter et al. 1998 ), this example is probably a slight overestimate of the maximum F that could be supported by twofold growth compensation.
APPLICATION OF THE COMPENSATION MODEL TO WALLEYE FISHERIES
In this section, we use the plastic model developed in the previous section to estimate maximum sustainable fishing mortality rate for walleye: a large, predatory fish that is an important recreational and commercial resource throughout much of Canada and the United States. Traditionally (and naturally), sustainable exploitation rate for any species is estimated on a populationby-population basis by observing changes in abundance and life history that are concurrent with changes in exploitation intensity. This approach is impractical when developing management guidelines for resources that are data poor or distributed widely among many populations (e.g., freshwater fish; Shuter et al. 1998 , Lester et al. 2003 , Hansen et al. 2010 ).
Our compensation model is ideally suited for managing data-poor or widely distributed resources because it predicts maximum sustainable fishing mortality rate (F ext ) from a handful of life-history traits. Given a plastic response (described by Eq. 22), this reference point can be calculated as
To calculate F ext for any population, one therefore requires estimates of potential compensation in growth
, natural mortality rate (M ), length at maturity when unexploited (L M ), and minimum harvested length (l c ). If the immature growth line passes through the origin, then X ¼ 0; if not, one needs to know its y-intercept (l 0 ). (Note that because l 0 is typically small relative to L M , X is also small and produces only a minor adjustment to the estimate of F ext based on X ¼ 0).
In this section, we show how most of these parameters can be estimated for any walleye population. The one exception is potential compensation in early survival, which is not easily measured. For this parameter, we take a conservative approach by assuming no compensation in early survival. The range in response that characterizes each wedge was generated by varying M between 0.1 (top) and 0.4 (bottom) in Eq. 22, assuming that the immature growth line passes through the origin (i.e., X ¼ 0). The x-axes are unitless because compensation is measured as a ratio.
Sources of data
We estimated walleye parameters using comparative data that were available for populations across a broad climatic gradient. Our data sources included syntheses of walleye data (Colby et al. 1979 , Carlander 1997 , Zhao et al. 2008 , case studies reported in the literature, and survey databases maintained by the provinces of Ontario and Quebec. Our collection included growth data for 425 populations and maturation and mortality data for 92 populations (see Appendix B for details). These populations were distributed from northern Canada to the southern United States, spanning a climatic gradient of 1000 to 4000 degree-days (DD5, degree-days .58C).
Walleye life-history parameters
The life-history variation of walleye across a broad temperature gradient is well studied (Colby et al. 1979 , Colby and Nepszy 1981 , Beverton 1987 , Baccante and Colby 1996 , Venturelli at al. 2010a , Bozek et al. 2011 ). These studies demonstrate that walleye grow faster, mature earlier, and die younger in warmer climates, and that there is residual (i.e., temperature independent) variation both among and within populations. Lifetime growth patterns of female walleye are highly variable, but much of this variation is due to the effect of climate (Fig. 4 ). We applied a thermal age concept Taggart 2007, Venturelli et al. 2010a ) to account for climatic-driven differences in life history. Walleye growth rate is proportional to DD5, and, consequently, a climate effect can be largely extracted by expressing calendar age (years) as thermal age (years 3 annual DD5). This conversion results in average growth patterns that differ little among climatic zones (Fig. 4b) : LOWESS (locally weighted least squares) fits of mean length at thermal age are virtually identical across zones.
We estimated potential growth compensation in walleye populations by focusing on the immature segment of the growth curve (Fig. 5) . Previous work has shown that the lifetime growth pattern of walleye is well described by the biphasic growth model (Shuter et al. 2005 , Rennie et al. 2008 , Bozek et al. 2011 . The immature growth rate is therefore a measure of the net rate of energy acquisition, variation in which reflects density-dependent availability of food. As illustrated by the maturity estimates shown in Fig. 5 , the minimum thermal age at maturity of walleye is ;6000 degree-days (see also Venturelli et al. 2010a ). For cohorts younger than this criterion, mean length at thermal age was approximately linear within populations and variation among populations was wedged shaped. Quantile regression (5% and 95%) characterized this wedge as given by l t ¼ 80 þ ht, where t is thermal age, and h ranges approximately twofold from 0.0030 to 0.0067 mm/degreeday. We assumed that this wedge described the response of growth to changes in food availability and was therefore an estimate of potential growth compensation within a single population. In other words, we assumed that the slow growth line was characteristic of an unexploited, highdensity population (i.e., h M ), and that the fast growth line was characteristic of a heavily exploited, low-density population (i.e., h F close to extinction). Under this assumption, the resultant maximum growth compensation [(h F /h M ) ext ] was approximately twofold.
Additional support for twofold growth compensation in walleye comes from Venturelli (2009) , who studied changes in growth and maturation within six walleye populations in which there were large changes in abundance (Fig. 5) . In all six of these populations, immature growth rate increased as density decreased FIG. 4 . Variation in female walleye growth. Gray points are mean female total length at age of female cohorts in 425 populations. (a) Mean total length is plotted against calendar age (years). (b) Mean total length is plotted against thermal age (i.e., age 3 DD5 [degree-days .58C]). In both graphs, the lines are LOWESS (locally weighted least squares) fits for different climatic groups based on DD5 (dashed is ,1500, solid is 1500-2500, and dotted is .2500 degree-days). The three LOWESS lines are not always distinguishable in panel (b) because they sometimes overlap. See Appendix B for data sources. and the maximum observed growth compensation was twofold. Venturelli (2009) also showed that age at maturity was more sensitive than length at maturity to changes in growth rate. Based on these observations (summarized in Fig. 5 ), we assumed that growth rate increases as a result of exploitation, but that length at maturity remains constant. We used the approximate observed mean value (L M ¼ 420) when calculating F ext for walleye. Female length at maturity varies (range ¼ 311-543 mm) among populations, but this variation is not related to climate (Bozek at al. 2011).
We estimated natural mortality rate (M ) by assuming that length and age at maturity in an unexploited population were optimized to maximize net reproductive rate. Given a biphasic growth model, optimal length at maturity (see Eq. 14) is
which re-arranges to
Given h M ¼ 0.0030 DD5, then
Given the mean value of L M (420 mm), Eq. 26 implies that M increases from ;0.13 at the northern boundary of the walleye's range (DD5 ¼ 1000 degree-days) to 0.44 at its approximate southern boundary (DD5 ¼ 4000 degree-days). M is less sensitive to variation in length at maturity than it is to climate. For example, when DD5 ¼ 2000 degree-days, a decrease in L M from 543 to 311 mm (i.e., the observed range) causes M to increase from 0.20 to 0.32 per year. Empirical estimates of total mortality for unexploited and exploited walleye populations provided strong support for our M model ( Fig. 6 ; see Appendix B for details). For populations in Fig. 5 , we used length at maturity and degree days to predict natural mortality rate. We then plotted estimates of total mortality rate against predicted natural mortality. As expected, most total mortality estimates were greater than predicted rates of natural mortality. However, estimated total mortality was approximately equal to predicted natural mortality in 12 lakes in which fishing was illegal or access was limited.
Walleye F at extinction (F ext )
Assuming a plastic response to exploitation (Eq. 23), we calculated F ext of walleye over a range of climates (DD5 ¼ 1000-4000 degree-days). These calculations used the following parameter estimates: (h F /h M ) ext ¼ 2, L M ¼ 420 mm, l 0 ¼ 80 mm, and M increasing with degree days as specified in Eq. 26. We assumed (s F /s M ) ext ¼ 1 because we could not measure it, and we manipulated minimum harvested length (l c ¼ 250 to L M ) to explore the sensitivity of F ext to size restrictions. The lower end of this range matches a value that has been observed in Ontario lakes when size restrictions do not exist FIG. 5 . Walleye growth and maturation. Small gray circles are mean female length at thermal age from 425 populations. For the immature segment of the growth curve (solid gray circles) where thermal age , 6000 degree-days, mean length at thermal age is bounded by 5% and 95% quantile regression lines, implying a common intercept ¼ 80 mm and slopes ¼ 0.0304 and 0.0665 mm/ degree-day. Estimates of the slope for 5% and 95% quantiles varied little among climatic zones (5% slope ¼ 0.0338, 0.0323, and 0.0274; 95% slope ¼ 0.073, 0.0656, and 0.0714). Large black circles are size and thermal age at maturity of 92 populations (see Appendix B). Lines with arrows show change in size and age at maturity for six populations in which large changes in walleye abundance have occurred (data from Venturelli [2009] ), illustrating that age at maturity is more variable than length at maturity.
(Ontario Ministry of Natural Resources, unpublished data).
Model results (Fig. 7) demonstrate that F ext increases with minimum harvested length and degree days. This degree day effect is due to a climate-driven increase in natural mortality rate. The model predicts that F ext /M is approximately equal in all climates. Twofold compensation in growth can support fishing mortality that exceeds natural mortality: F ext /M increases from '1.1, when l c ¼ 250 mm, to much higher levels as l c approaches length at maturity (Fig. 7b) . When l c ' L M , F ext /M ranges from 1.8 to 1.5 as DD5 increases from 1000 to 4000 degree-days.
To evaluate the predictions of our model, we compared predicted values of F ext to values of F estimated for the walleye populations in Fig. 6 . None of these populations has been identified by local managers as being seriously overexploited. We estimated F by subtracting M from the total mortality estimates shown in Fig. 6 . We then plotted the ratio of F/M for each population against DD5 (Fig. 8) . Predicted values for F ext /M, derived assuming twofold growth compensation and a range in minimum harvested size (l c /L M ¼ 0.6 to 1.0), effectively set an upper bound on the observed F/M ratios. This upper bound indicates that our empirical estimate of potential growth compensation [(h F /h M ) ext ] was large enough to support the observed rates of exploitation in most populations. It is tempting to conclude that exploitation was unsustainable in the one lake in which observed F/M exceeded predicted F ext /M, but it is important to recognize that compensation in early survival [(s F /s M ) ext ] may also play a role. Because concurrent and related compensatory FIG. 6 . Estimates of instantaneous total mortality rate (Z ) for 71 walleye populations plotted against natural mortality rate (M ) predicted from length at maturity and DD5 (Eq. 26). The solid line is the line of equality (i.e., Z ¼ M ). Solid circles identify 12 populations for which exploitation is known to be very light because the lake is either a sanctuary or in a remote location. Open circles show data from exploited populations. See Appendix B for data sources. changes in both growth and survival are likely (e.g., Post et al. 1999) , joint compensatory responses may be involved in sustaining observed levels of exploitation in many of these populations (see the Discussion).
DISCUSSION
The initial goal of this research was to examine how density-dependent plasticity in life history supports sustainable exploitation. In modeling this process, it became apparent that the density-dependent effects of exploitation could not be cleanly isolated from evolutionary effects. In specifying a plastic response to exploitation, one must assume reaction norms describing how length at maturity, age at maturity, and reproductive investment change with growth rate. We assumed that length at maturity and reproductive investment were fixed at values adapted to the natural (i.e., unexploited) mortality rate; consequently, age at maturity decreases as growth rate increases (Fig. 1a) . We also explored an evolved response to exploitation, in which maturation and reproductive investment adjust to maximize net reproductive rate, given the total mortality imposed by exploitation.
Life-history theory predicts that an increase in mortality rate (e.g., due to exploitation) will select for earlier age at maturity and higher reproductive investment (Roff 1992 , Stearns 1992 . Earlier age at maturity results from selection for smaller length at maturity or faster growth rate. These evolutionary life-history changes effectively maximize egg production over a shortened life span via a trade-off between reproductive investment and adult size (i.e., individuals mature at a lower age and size, and grow little because of high investment in reproduction; Fig. 1b) . In contrast, shorter term, plastic responses to exploitation usually involve an increase in growth rate with relatively little change in length at maturity (Trippel 1995 , Rochet 1998 , Rochet et al. 2000 , Rose et al. 2001 , Hsieh et al. 2010 , leading indirectly to a lower age at maturity. This plastic response deflates the selective advantage of reduced body size because it moves age at maturity in the same direction as selection, with consequent increases in reproductive life span and reproductive output. Our finding that plasticity approaches evolution in its ability to buffer net reproductive rate against increases in mortality is consistent with work of Kuparinen and Hutchings (2012) . It implies that there is strong selective pressure to evolve plasticity in growth rate.
Our analysis suggests that a plastic response can support exploitation-driven mortality that is ;80% of the level supported by evolutionary changes in length at maturity and reproductive investment. It demonstrates the extent to which plasticity can buffer selection pressures that drive evolutionary changes in life-history traits. More importantly, it demonstrates that, while plasticity can be very effective in allowing individuals to respond quickly to exploitation, it cannot eliminate selection for more complex changes in life history. Our model does not address the complexity of life-history evolution that may occur (e.g., de Roos et al. 2006 , Dunlop et al. 2007 , 2009 , Arlinghaus et al. 2009 , Matsumura et al. 2011 , Jorgensen and Holt 2013 . Our plastic response model is designed to predict exploitation levels that are sustainable in the absence of longterm, evolutionary change, thus providing the guidelines that are essential for effective management of exploitation. In one sense, these guidelines are conservative because evolutionary changes may support higher levels of exploitation. In another sense, these guidelines are liberal because lower levels of exploitation may be necessary if it is deemed desirable to avoid long-term evolutionary change.
Our model predicts that the ratio F/M (i.e., sustainable F relative to natural mortality rate) is determined by the compensation in growth (h F /h M ), the compensation in early survival (s F /s M ) and the ratio l c /L M (i.e., the initial length at harvesting relative to length at maturity). Eq. 22 quantifies the relative sensitivity of F/M to each of these factors (see Fig. 3 ). It shows that s F /s M has less of an effect on F/M than h F /h M and that the impact of either or both of these compensatory changes depends on l c /L M : sustainable F increases with the minimum length of harvesting.
A useful starting point in choosing an optimal level of fishing is to predict F ext , the minimum fishing mortality rate that would cause population extinction. This reference point is calculated from estimates of maximum compensation in growth [(h F /h M ) ext ] and early survival [(s F /s M ) ext ]. Estimating potential growth compensation for a population can be a challenge because of confounding effects of temperature, productivity, and food web complexity, and because populations are rarely observed in the unexploited state. We examined variation in growth both within and among walleye populations and concluded that [h F /h M ] ext ' 2 (Fig. 5) . This analysis benefited from the degree-day approach, which is useful for partitioning growth into temperaturedependent and temperature-independent components (Neuheimer and Taggart 2007 , Venturelli et al. 2010a , Neuheimer and Grønkjaer 2012 . Growth compensation can also be estimated from laboratory or hatchery studies (e.g., Bjornsson and Steinarsson 2002) , field experiments (e.g., Post et al. 1999) , archeological data (e.g., Balazik et al. 2010) , and density-dependent models of growth (e.g., Post 1993, Lorenzen and Enberg 2002) .
Compensation in early survival is difficult to estimate. A conservative approach assumes no compensation and predicts F ext based on growth compensation alone. The structure of our model suggests that this minimum estimate may offer a close approximation of F ext , because much larger changes in early survival are needed to match the effect of a change in growth. However, it is likely that compensatory increases in growth rate are accompanied by some compensatory increase in early survival via improved competitive ability and predator avoidance (Miller et al. 1988 , Sogard 1997 , Post et al. 1999 , Cowan et al. 2000 , Rose et al. 2001 . If early survival increases with growth rate, F ext will be underestimated by this conservative approach. Progress in understanding this linkage can benefit from experimental stocking (e.g., Post et al. 1999) , as well as empirical modeling (e.g., McGurk 1986 , Lorenzen 1996 .
Understanding potential compensation in growth was essential to developing a model to predict natural mortality (M ) for walleye. Life-history theory predicts that M can be estimated from age at maturity (T ) in an unexploited population (equation 4.5 in , but this approach is a challenge because unexploited T is rarely known. In this paper, we extended the model to predict M from growth rate and length at maturity in an unexploited population (see Eq. 25). This formulation was more useful for estimating M because the required growth rate could be estimated as the minimum observed growth rate (see Fig. 5 ) and because length at maturity (L) is relatively insensitive to large changes in walleye abundance (Venturelli et al. 2010a ). This relative insensitivity of L is predicted by theory (Stearns and Koella 1986) and common among exploited fishes (Trippel 1995 , Rochet 1998 , Rochet et al. 2000 , Rose et al. 2001 , Hsieh et al. 2010 . Eq. 26 predicts that M in walleye increases from ;0.13 to 0.44 across a climatic gradient of DD5 ¼ 1000 to 4000 degree-days. This trend is likely due to the direct effects of temperature on PLATE 1. Walleye caught by a winter angler in Ontario, Canada. Photo credit: Steve Lawrence. growth and mortality, as well as the trade-offs that link growth, M, and reproductive investment: walleye at 1000 degree-days grew more slowly, invested less in reproduction, and lived for longer than walleye at 4000 degree-days. Similar effects have been documented in many fish species (e.g., Pauly 1980 , Winemiller and Rose 1992 , Gislason et al. 2010 ) and other organisms (McCoy and Gillooly 2008) .
The compensation model predicts F ext as a matter of convenience; ideally, F should take some optimal value (F opt ) that is less than F ext and maximizes the benefits to a fishery without jeopardizing its sustainability. This F opt is usually specified as the F corresponding to maximum sustainable yield (MSY; e.g., Graham 1935), maximum sustainable rent (e.g., Gordon 1954), maximum discounted yield (e.g., Plourde 1970) , maximum discounted rent (e.g., Clark 1973), or some other social optimum (Johnston et al. 2010) . Alverson and Pereyra (1969) and Gulland (1970 Gulland ( , 1971 originally proposed F opt ' M, which holds when recruitment is constant (Francis 1974) . Given stochastic processes, nonequilibrium, and depensation, F opt , M is now considered to be a more appropriate (and risk averse) reference point (Patterson 1992 , Walters and Martell 2002 , Zhou et al. 2012 .
Based on our results, we propose F safe ¼ 0.5 F ext as a useful reference point for managing walleye fisheries. Because this reference point corresponds to MSY in a classic surplus production model (Graham 1935 , Schaefer 1954 , it can be grouped with the various optimally based reference points (F opt ). When the minimum harvested size equals the size at maturity and growth compensation is twofold, F ext ! 1.5M (Fig. 8) and, hence, F safe ' 0.75 M. Thus, our model generally agrees with the rule of thumb that F opt ' M (Alverson and  Pereyra 1969 , Gulland 1970 , 1971 ) and empirical evidence that F opt /M ¼ 0.67-0.87 (Patterson 1992 , Zhou et al. 2012 , but with the caveats that (1) agreement depends on minimum harvested size relative to size at maturity (l c /L) and (2) F opt ) 0.5 M must be carefully justified (e.g., Walters and Martell 2002) . For walleye, when minimum harvested size is not restricted by regulations, a conservative strategy is to assume that small individuals are exploited, and therefore, set F safe , 0.75 M. For example, if small individuals were harvested such that l c /L ¼ 0.5, then F safe ' 0.5 M. If small individuals are protected from exploitation (e.g., l c ! L) then F safe . 0.75 M may be justified.
The extent to which F safe /M ' 0.75 is applicable to other species depends mainly on whether (h F /h M ) ext ' 2; however, this guideline is easily adapted to other degrees of growth compensation. The literature indicates that growth compensation may be as high as twofold for other species (e.g. Post et al. 1999] ). However, we can calculate F safe for any value of (h F /h M ) ext because F safe is roughly proportional to the relative increase in growth rate:
For example, if (h F /h M ) ext ¼ 1.5 for yellow perch (Perca flavescens; Pierce et al. 2006) , then F safe /M ' 0.38. This method of estimating F safe is conservative because it relies solely on estimates of growth compensation and ignores a potential increase in early survival. Our purpose in this paper was twofold: to (1) build a general framework for exploring the effects of compensation on life-history changes and population dynamics, and (2) use this framework to explore the influence of the two most commonly discussed types of compensation (growth and early survival). Our compensation model was able to predict sustainable rates of exploitation because it is based on the biphasic growth model, which accounts for the trade-off between somatic growth and reproductive investment . We used the simplest form of the biphasic model because it provides a close approximation of the tradeoff between growth and reproduction and is effective at accounting for inter-population variation in walleye life histories (Shuter et al. 2005) . Our efforts were rewarded by some relatively simple solutions that describe the role of different compensatory life-history changes in supporting exploitation. These solutions are useful for generating ''rules of thumb'' that predict safe rates of exploitation when appropriate population and harvest data are lacking; for example, in data-poor fisheries or when the number of populations in a region exceeds the capacity to monitor them.
In future extensions of this work, it would be informative to examine the influence of other factors such as compensation in adult natural mortality (Hansen et al. 2011, Jorgensen and Holt 2013) , maternal effects, and stochastic variation in population parameters (Lande et al. 1997 , Lillega˚rd et al. 2005 . It is possible to develop more complex compensation models by incorporating more general biphasic growth models that relax certain assumptions. For example, Quince et al. (2008a, b) showed that size-dependent maternal effects could be incorporated by relaxing the assumption that reproductive investment (g) is constant with size. In some species, older larger females produce a higher quality egg-enhancing survival during the embryonic and larval stages (e.g., Longhurst 2002 , Berkeley et al. 2004 , Hsieh et al. 2010 , Venturelli et al. 2010b ). This condition would offset the benefit of increasing minimum length at harvesting as predicted in the current model. Such refinements to the compensation model may provide more nuanced results but will not change the way that life-history traits interact to affect compensation. Therefore, we view the simplest form of the compensation model (Eq. 22) as a general framework for exploring the effects of compensatory life-history changes on population dynamics and sustainable levels of exploitation.
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An approximate analytical solution of this equation is available because the function f 1 (Z)
is closely approximated by the following empirical function:
Substituting for f 1 (M) and f 1 (M+F) in equation (A.1) gives
which reduces to 
a form that can be solved for F/M, as shown below.
To simplify matters, we first show the solution for l 0 = 0 (i.e., immature growth line passes through the origin). In this case, (A.5) becomes
This form can be re-arranged so that l c is expressed relative to length at maturity in an unexploited population (L M ). Given that optimal length at maturity (equation 14) is
. Substituting for h M in (A.6) gives
Lester (Appendices) -3 2013-04-11 When this is not the case, the solution includes an additional term (X) that accommodates l 0 ≠ 0. The general solution, appropriately labeled as an evolved response, is: 
Compared to the equation for an evolved response (A.1), the only difference is that
For an evolved response, mortality rate alone dictates the value of the f 1 function, but for a plastic response the comparable function (f 2 ) also depends on the change in growth rate.
We used numerical analysis of equation (A.12) to estimate sustainable F/M for a plastic reponse and compared these results to values obtained from an evolved response (see Figure 2b in main text). The results demonstrate that a fixed L and g support exploitation mortality that is ~80% of the level supported when these parameters are optimized for total mortality. All data from Ontario and Quebec were obtained using a standard survey method, known as Fall Walleye Index Fishing (FWIN). FWIN is a depth-stratified survey conducted during the fall using a standard multi-mesh gillnet (stretch mesh sizes = 1", Lester (Appendices) -2 2013-04-11 1.5", 2", 2.5", 3", 4", 5" and 6") (Morgan 2002) . Fish processing reports sex, maturity, total length and collects otoliths to assign fish age.
Data in Figure 4
Figure 4 includes a subset of growth data shown in Figure 3 , as well as estimates of length and age at maturity for female walleye in 92 populations. The maturity data are shown in Table B1 . The table includes estimates of age and size at maturity, as well as size at spawning. Populations reported for Ontario and Quebec were surveyed using the FWIN method and female attributes were determined directly using only female data (n=67). Data from other locations were extracted from the literature (n=25). Methods of calculating statistics shown in Table B1 are described below.
(i) Maturity Estimates
For Ontario and Quebec populations, we estimated length and age at 50% mature by probit analysis of the frequency distribution of immature and mature fish. Estimates are reported for 67 well-sampled populations (i.e., n > 100 fish). Because sampling was conducted at the end of the annual growing season and walleye spawn in the spring, the assessed age was rounded up (i.e., minimum age = 1 year) and maturity estimates were treated as estimates of the age and size of spawning (T spawn and L spawn ). Age at maturity (i.e., age when egg production begins) was calculated as
Size of maturity (i.e., length at start of the year when egg production begins) was estimated as follows:
Lester ( This formulation accounts for the fact the decline in growth rate after maturation depends on the reproductive investment (i.e., egg production). It was determined empirically by assuming the biphasic growth model and simulating growth for a range of mortality rates (M = 0.1 to 0.4).
In addition to the Ontario and Quebec data, we obtained maturity estimates for 25
populations from data reported in the published literature. These reports typically documented age and size of initial spawning (not maturing) and, in most cases, they did not distinguish by sex. To estimate female maturity from the combined-sex estimates, we derived the following conversion formulae using data from populations where sexspecific estimates were available: These calculations were performed for 20 populations lacking sex-specific data, after which equations B.1 and B.2 were used to convert estimates of size/age at spawning to size/age at maturity (i.e., one year earlier).
(ii) Mortality Estimates
Natural mortality predictions were calculated from degree days and length at maturity by 
